ABSTRACT: Greenhouse and laboratory studies were conducted to evaluate the effects of gradual vs sudden increase in salinity from 5 to 25 ppt on leaf conductance and net carbon assimilation of 2 Spartina patens populations (Ferblanc and Clovelly) from USA Gulf Coast marshes. Results indicated that the 2 populations had quite similar gas-exchange responses to salinity treatments. However, with progression of each experiment, some differences in responses became apparent. The Ferblanc population (which grows under high salinities in a brackish-saltmarsh zone) maintained greater net carbon assimilation than did the Clovelly population (which grows under low salinities of a freshbrackish zone) in 5 and 15 ppt salinity treatment. At 25 ppt salinity, net carbon assimilation was reduced by 10% for Ferblanc, which was not statistically significant (p = 0.05), and by 22% for Clovelly population, which was statistically significant (p 5 0.05). In addition, Ferblanc plants produced significantly (p 5 0.05) greater leaf area than did the Clovelly population. The observed responses are in accord with the habitat characteristics where these populations grow naturally. Results indicate a potential differentiation between the 2 populations under the salinity-flooding combinations tested. However, there is no evidence of restricted gene flow between these populations. Thus differences found may be due to differential survival of offsprings from a common gene pool rather than evolutionary divergence of isolated populations
INTRODUCTION
Spartina patens (Ait) Muhl. is a dominant brackish marsh species found in a wide range of flooding and salinity conditionsin USA Gulf Coast marshes. Although S. patens is a salt-tolerant species, it is not an obligate halophyte; consequently its growth is adversely affected by salinity (Parrondo et al. 1978 , Gosselink 1984 . This response has been partially attributed to the adverse effects of salinity on gas exchange of this species. For example, when soil salinity was increased from 0 to 22 ppt, stomata1 conductance and net photosynthesis were reduced 54 and 43 %, respectively (Pezeshki et al. 1987) .
Field observations on the US Gulf Coast suggest considerable variations in performance of various populations of this species in response to flooding and salinity, suggesting potential differences in the effects of salinity increase on leaf conductance and net carbon assimilation of these populations. However, to date no studies have been conducted to evaluate the responses of these populations to changes in flooding and salinity regimes. Evaluation of gas-exchange characteristics in populations evolved under different soil-salinity conditions would provide basic data needed for understand-O Inter-Research/Printed in Germany ing photosynthetic behavior and provide a basis for comparative evaluation of threshold salinities which trigger photosynthetic inhibition among populations from various areas.
The main objective of this study was to evaluate the potential population differentiation in response to salinity changes resulting from differences in tidal regimes, and those changes' effects on gas-exchange parameters, in plants of 2 Spartina patens populations which occur naturally under contrasting salinity regimes. It was hypothesized that (1) populations evolved under severe salinity regimes possess advantageous gasexchange characteristics, and (2) a gas-exchange measurement approach could be used as a screening technique for evaluation of potential population differentiation. Gas-exchange techniques have been used previously as screening methods for evaluation of population differentiation in other marsh grasses (Bowman 1987) . Greenhouse and laboratory studies were conducted to evaluate responses to gradual increase in salinity and to sudden exposure to salinity, respectively. In both studies, the 'common garden' approach was used by evaluating populations together under uniform conditions (Waddington 1953 , Goodman 1973 .
MATERIALS AND METHODS
Samples of 2 Spartina patens populations (Ferblanc and Clovelly) were collected along a transect extending from the edge of a freshwater to a saltmarsh habitat ca 30 km apart. The Ferblanc population grows near the higher-salinity, brackish-saltmarsh interface zone (29" 15'N, 90°5'W) ; the Clovelly population grows in the northern edge of where S. patens grows whlch is near the freshwater-brackish interface zone (29" 30' N, 90" 10'W) . Tillers (60 to 80 population-') were collected, transferred to a greenhouse and cloned. Newly germinated culms and associated roots were planted in nursery pots filled with commercial potting soil. Study pots were watered with freshwater to excess and fertilized with a commercial water-soluble plant food (23-19-17 , N-P-K respective percentages) once per week. Two week after the transplanting, salinity treatments were initiated. Salt solutions were prepared using Instant Ocean Synthetic Sea Salt (Aquarium Systems, Inc., Mentor, Ohio, USA), with major ionic components of 47 % Cl, 26 % Na, 6 % SO,, 3 % Mg, 1 O/O Ca and 1 O/O K (percentage of dry weight).
Greenhouse study. Gradual exposure to salinity began by flooding the pots with 1 ppt (17 m01 mP3) salt on the first day. The salinity level for Treatment 1 (T,) was then increased to 3 ppt on Day 3 and to 5 ppt on Day 7 of the experiment. The second treatment (T2) consisted of salinity increases similar to those of T, Days 1 through 7, and salinity was increased to 10 ppt on Day 8 and to 15 ppt on Day 10. In the third treatment (T3), plants were subjected to salinity levels as in T2 except that salinity was increased to 20 ppt on Day 12 and 25 ppt on Day 15. The salinity treatments chosen represent the range of salinity encountered by these populations. The predominant salinity for the Clovelly population is ca 5 ppt, while the Ferblanc population grows at ca 10 ppt salinity. The highest salinity was tested to allow evaluation of both populations under elevated salinity. A YSI model 33 meter (Yellow Springs Instrument Co., Yellow Springs, Ohio, USA) was used for measurements of salt concentrations in all pots throughout the experiment. In addition, throughout the study, pots were drained weekly and freshly made salt solution at respective concentrations and plant food were added to the pots.
To monitor changes in oxidation-reduction processes in the soil, soil redox potential (Eh) was measured using a pH Controller Model 5997 (Horizon Ecology Co., Chicago, Illinois, USA), calomel electrode probes, and platinum electrodes. Eh was measured daily after allowing the electrodes to equilibrate in place for 12 h. Corrections were made as described by Patrick & DeLaune (1972 . Eh measurements were made on 12 platinum electrodes per population (1 per pot).
The probes were installed 5 cm below the soil surface and were rotated among different pots.
The experiment consisted of a completely randomized block design with 2 populations, 3 salinity treatments and 54 replicates (pots) per treatment. Each pot consisted of 1 plantlet whlch subsequently reproduced new culms within the pot.
Diurnal measurements of air temperature, relative humidity, photosynthetic photon flux density (PPFD), leaf temperature, leaf conductance (g,) and net carbon assimilation (A) were made on 5 sample leaves treatment-' population-' every 3 h from 8:00 to 18:OO h on each sample day. There were 15 sample days during the experiment (Days 8, 12, 16, 22, 24, 28, 31, 34, 36, 37, 41, 43, 45, 47, 49) .
Leaf conductance was measured using a steady-state porometer (LI-1600, LiCor, Inc., Lincoln, Nebraska, USA). After recording g,, the same leaf was used for measurement of A, which was performed rapidly using a portable gas-exchange system (Model A120, ADC, Field Analytical System, P.K. Morgan Inst. Co., Dallas, Texas, USA). The system was composed of 3 components: (1) an ADC Parlunson Leaf Chamber; (2) an infrared CO2 analyzer, ADC Model LCA-2; and (3) an air-supply unit controlling humidity and flow of incoming air. The leaf was enclosed in the chamber and PPFD and differential CO2 levels were recorded. Mature, well-developed leaves were used for all measurements. Net carbon assimilation rates were calculated from the flow rate of air through the chamber and from the CO2 partial pressure differences between incoming and outgoing air, as outlined by Caemmerer & Farquhar (1981) . Both g, and A were calculated per unit leaf area (single surface), determined with a surface-area meter (Model SI701, SKYE Instrument, Inc., Buckingham, Pennsylvania, USA). Water-use efficiency (WUE) was calculated from the ratio of CO2 assimilated per amount of H 2 0 transpired per kilopascal vapor pressure deficit, a measure of CO2 fixed per unit of leaf conductance (Rawson & Woodard 1976) .
The General Linear Models procedure of the SAS System (SAS Institute, Inc., Cary, North Carolina, USA) was used to test for differences in g, and A among treatment means, by applying a repeated-measures design which included the day and hour of measurement (Moser et al. 1990 ).
Laboratory experiment. Uniform plants of both populations (12 plants population-') were transferred to pots 30 cm deep and 25 cm in diameter in the laboratory and were kept in a growth chamber under a cycle of 14 h light (25OC. 70 % relative humidity) and 10 h dark (20°C 85 O/O relative humidity). Plants were randomly assigned to 3 treatments (4 plants treatment-' population-'). Salt solutions were prepared as described above at 3 concentrations: 5, 15 and 25 ppt.
Treatment was initiated by flooding pots with saltwater, containing the respective salinity concentrations for a given treatment, in 1 application (sudden exposure). During the experiment, pots were drained weekly and freshly made salt solution at the respective salinity level was added to each pot.
Repeated measures of g, and A were made twlce per day, at 3 and 6 h into the light period, from Day 1 to Day 28. These measurements were conducted on 4 attached leaves (1 leaf plant-') treatment-' population-' at each measurement period.
RESULTS

Greenhouse study
Soil Eh averaged 250 + 22 mV in all treatments, which indicates redox levels below the point of oxygen disappearance (DeLaune et al. 1990 ). Leaf conductance (Fig.  1) was not affected but net carbon assimilation (Fig. 2) in both populations decreased as salinity concentration increased during the greenhouse study. In the Ferblanc population there was no reduction in g, and A in response to salinity increases to 15 ppt, compared to (Figs. 1 & 2) . WUE was reduced in both populations as salinity increased. However, both populations exhibited comparable WUE at various salinity treatments (Fig. 3) .
Time-course changes in leaf area for both populations showed different responses (Fig. 4) . In both populations, leaf area was significantly reduced in response to increased salinity (p I 0.05). However, the Ferblanc population maintained greater leaf area under 5 and 15 ppt compared to the Clovelly population. Greater leaf areas coupled with higher net photosynthesis in the Ferblanc population compared to the Clovelly population increases the potential for carbon fixation and growth of this population under low to moderate salinity levels.
Laboratory experiment
Sudden exposure of both populations to saltwater flooding resulted in reduction in g, dunng the first 3 wk (Figs. 5 & 6 ). There was a difference in response patterns of g, and A between the 2 populations. There was a greater difference in g, and A among various treatments within the Ferblanc population compared to the Clovelly population. Initial reductions in g," and A were followed by a substantial recovery during Week 4 in both populations. In the Ferblanc population, g, recovery rates in plants at 5 and 15 ppt salinity were faster than in plants at 25 ppt. Recovery of A was noted in the Ferblanc population beginning at Week 3, which was closely associated with initial salinity treatmenti.e. plants in the 5 ppt salinity treatment displayed greater recovery rates than those at 15 and 25 ppt (Fig.   5 ). In the Clovelly population, a similar g, recovery pattern was found; however, A recovery did not follow a similar pattern (Fig. 6 ). Significant reduction in A (p 5 0.05) was found in both populations when subjected to sudden exposure to saltwater containing salinities of 15 and 25 ppt, as compared to plants under the 5 ppt treatment (Fig. 7) .
DISCUSSION
Increases in salt concentrations in the rhizosphere coupled with soil anaerobiosis resulted in reduction of leaf conductance and net photosynthesis in both popul a t i o n~ of Spartina patens. Similar responses to salinity have been previously documented for S. patens (Pezeshki et al. 1987) . Stomata1 closure in response to salinity has been reported for several species (Downton 1977 , Kemp & Cunningham 1981 , Longstreth et al. 1984 , Pearcy & Ustin 1984 . The decrease in A found in response to salinity may be attributed both to stomata1 control (Downton 1977 , Longstreth & Strain 1977 and to non-stomata1 (metabolic) factors ( 1979 , Walker et al. 1982 , Longstreth et al. 1984 . Pearcy & Ustin (1984) found reductions in A rates in Spartina and Scirpus species as a result of diffusional limitations and metabolic effects when soil salinity increased. Longstreth et al. (1984) reported 51 O/O reduction in A for Alternanthera philoxerides plants after salt application. In the present study, recovery trends were noted for A after initial reductions, indicating some photosynthetic acclimation/adaptation to salinity conditions in both populations, but recovery appeared to be more pronounced in Ferblanc population (cf. Figs. 5 & 6). Soil anaerobiosis and salinity are major environmental factors which influence plant distribution and growth in coastal marshes (Nestler 1977 , DeLaune et al. 1983 . Although Spartina patens is considered a salttolerant species, its growth is adversely affected by salinity (Parrondo et al. 1978 , Gosselink 1984 . The present data indicate that the physiological performances of the 2 populations in response to salinity treatments were quite similar. However, plants from the Ferblanc population (which grows under h g h salinity) produced significantly greater leaf area (p 5 0.05) under low and moderate salinities than did the Clovelly population (which occurs in a less saline environment). Similar responses have been reported for Juncus roemenanus by Eleuterius (1989) .
The apparent differentation between the 2 Spartina patens populations is evidenced by (1) examination of variations in COz uptake under dfferent salinity regimes, particularly under the low-salinity treatment, and (2) leaf-area development, the latter being significantly different between the 2 populations. The primary environmental factor to which such differentiation may be attributed is sediment-water salinity, w h c h creates a substantial selection pressure for plants.
Population differentiation in marsh grasses has been a topic of considerable interest to plant ecophysiolog s t s and geneticists. The existence of height forms in Spartina alterniflora in saltmarshes of the US Atlantic and Gulf Coast (Nestler 1977 , DeLaune et al. 1983 ) and population dfferentiation in S. patens (Silander 1985) and S. foliosa (Cain & Harvey 1983) has prompted numerous research efforts aimed at determining whether these populations were genetically distinct (ecotypes) or homogeneous (ecophenes). Population differentiation may provide one means of coping with environmental heterogeneity (Heslop-Harrison 1964 , Ehrlich & Raven 1969 . Such differentiation has been reported for many marsh grasses (Boorman 1967 , Gray & Scott 1980 , Jefferies et al. 1981 , Huiskes et al. 1985 , Eleuterius 1989 ). Silander (1985) reported that genotypes of S. patens from adjacent saltmarsh, swale and dune areas showed evidence of genetic differentiation. Through the evolutionary process under the selection pressure of a distinct habitat, a homogeneous species can gradually evolve Into diverse specialized populat i o n~. As a result, these populations become distinct genetically (Eleuterius 1989) . In the present study, there was no evidence of restricted gene flow between the 2 S. patens populations studied. Thus, it is difficult to distinguish between evolutionary divergence of 'isolated' populations and site-specific differential survival of offspring from a common gene pool. In addition, only 1 environmental factor, i.e. salinity, was evaluated in the presence of waterlogging. However, physiological responses are closely related to the interaction of several environmental factors. The observed responses of the 2 populations to salinity and flooding could be explained in light of field observations which indicate that the Ferblanc population is associated with sediments containing high salinities characteristic of a brackish-saltmarsh zone. The Clovelly population, on the other hand, occupies the less saline environment of freshwater-brackish zones characteristic of these marshes. Future research should evaluate the potential for genetic differentation among various populations of S. patens in the U S Gulf Coast and examine the success of reciprocal transplantation among the populations in high-salinity habitats under natural field conditions.
